Colistin and polymyxin B have indistinguishable microbiological activity in vitro, but they differ in the form administered parenterally to patients. Polymyxin B is administered directly as the active antibiotic, whereas colistin is administered as the inactive prodrug, colistin methanesulfonate (CMS). CMS must be converted to colistin in vivo, but this occurs slowly and incompletely. Here we summarize the key differences between parenteral CMS/colistin and polymyxin B, and highlight the clinical implications. We put forth the view that overall polymyxin B has superior clinical pharmacological properties compared with CMS/colistin. We propose that in countries such as the United States where parenteral products of both colistin and polymyxin B are available, prospective studies should be conducted to formally examine their relative efficacy and safety in various types of infections and patients. In the meantime, where clinicians have access to both polymyxins, they should carefully consider the relative merits of each in a given circumstance.
With increasing antibiotic resistance among important gram-negative bacteria and the dry drug development pipeline for new antibiotics, there is resurgence in the clinical use of colistin ( polymyxin E) and polymyxin B [1] [2] [3] [4] [5] . Until recently, the use of these old polymyxin antibiotics as "last-line" therapy has had a flimsy pharmacological basis because they entered into clinical use in the 1950s, before the introduction of modern drug development processes [2, 5] . However, there has been a recent substantial increase in the understanding of the pharmacology of colistin and polymyxin B [2] [3] [4] [5] [6] .
Perhaps not surprisingly, in view of their very similar chemical structures and in vitro antibacterial activities, colistin and polymyxin B are often regarded as being equivalent. However, such superficial comparisons conceal very important differences that manifest only when these polymyxins are used clinically, administered to patients by way of their long-established parenteral formulations. In this article, we review the clinically relevant pharmacological characteristics of colistin and polymyxin B and pose the question: Are they like "peas in a pod" or "chalk and cheese"?
CHEMISTRY AND ANTIBACTERIAL ACTIVITY OF THE POLYMYXINS
Colistin and polymyxin B differ by just 1 amino acid in the peptide ring ( Figure 1 , upper panel) [3] . The polymyxins are produced by fermentation and, as a result, they are mixtures that may contain approximately 30 components. The European Pharmacopoeia has set limits for some of the components of colistin and polymyxin B [7, 8] , whereas the US Pharmacopeia has no such limits [9, 10] . There are 2 major components for colistin (colistin A and B) and for polymyxin B ( polymyxin B1 and B2), the difference arising from the length of the fatty acyl chain (Figure 1 ) [3] .
The chemistry of the polymyxins is critical to their antibacterial activity. The primary amines of the α,γ-diaminobutyric acid (Dab) residues are ionized at physiological pH and thus the polymyxin molecules carry a net-positive charge, a critical property for their interaction with negatively charged phosphate groups of the lipid A of lipopolysaccharide (LPS). In addition, polymyxins possess hydrophobic regions, the most recognizable being the fatty acyl chain, and these domains are able to interact with the corresponding regions of LPS [3] . As a result of these electrostatic and hydrophobic interactions, the bacterial outer membrane is disrupted [3, 11] . Although this permeabilizing effect on the outer membrane led to the proposing of the "selfpromoted" uptake of polymyxins [12] , the ultimate mechanism of bacterial killing is still unknown. In view of the very similar chemical structures of colistin and polymyxin B, it is not surprising that they have essentially identical antibacterial activities against gram-negative bacteria [13] . The most common way in which gram-negative bacteria become resistant to these antibiotics is through chemical modification or loss of the initial polymyxin target, LPS [3, [14] [15] [16] , and cross-resistance exists between the 2 polymyxins.
Whereas there are many similarities in the chemistry of colistin and polymyxin B, there is a very important difference in regard to the chemical nature of what is administered parenterally to patients. Polymyxin B is administered as its sulfate salt. This means that the active antibacterial entity is directly administered to patients. In sharp contrast, colistin is administered parenterally in the form of the sodium salt of colistin methanesulfonate (CMS), also known as colistimethate (Figure 1 , lower panel). CMS is produced by chemical modification of colistin, resulting in the masking of the primary amines of the Dab residues with methanesulfonate moieties that are negatively charged at physiological pH. As a consequence, CMS itself lacks antibacterial activity; it is an inactive prodrug and requires conversion to colistin after its administration [17, 18] .
Although CMS is usually depicted as a penta-methanesulfonated compound (Figure 1) , it is important to recognize its chemical complexity [19] . Because CMS is produced by chemical modification of colistin molecules that contain 5 primary amines, in theory there are 32 (ie, 2 5 ) possible compounds that may result (ie, colistin itself, the fully penta-methanesulfonated version, and 30 partially methanesulfonated derivatives) [19] . Given the very substantial complexity involved, it is perhaps not unexpected that neither the US Pharmacopeia nor the European Pharmacopoeia has set limits for the numerous potential components of CMS [7, 9] . It is evident that there is brand-to-brand or even batch-tobatch variability in the composition of CMS formulated as the parenteral product and that this can impact the rate and extent of formation of colistin in vivo [20] .
WHICH POLYMYXIN IS ADMINISTERED PARENTERALLY TO PATIENTS IN VARIOUS PARTS OF THE WORLD?
It is unfortunate that in some countries (eg, Japan, South Africa), clinicians do not have access to a parenteral product of either polymyxin. Some areas of the world (eg, Europe, Australia) have only the parenteral formulation of colistin (as CMS), whereas in other areas (eg, United States, Brazil, Malaysia, and Singapore), clinicians can use either the colistin or the polymyxin B parenteral formulation. The pattern of use within such countries may not be uniformly distributed. For example, in the United States, polymyxin B appears to carry favor in New York State, whereas CMS is more widely used in other parts of the country.
DIFFERING DISPOSITIONS OF COLISTIMETHATE AND POLYMYXIN B
As discussed above, colistin is administered as its inactive prodrug, colistimethate (ie, CMS), which requires conversion in vivo to colistin, whereas polymyxin B is administered directly. To understand how this different formulation approach impacts their clinical use (discussed in the following section) requires knowledge of their respective pharmacokinetics.
The overall pharmacokinetic handling of CMS and the colistin formed from it in the body is complex ( Figure 2 ) [2] . The prodrug, CMS, is predominantly cleared by renal excretion [21] . One of the nonrenal clearance pathways for CMS is conversion to colistin, a necessary step to achieve antibacterial activity [2] . Studies conducted over the last decade have revealed that the extent of conversion of CMS to colistin is low, especially in renally competent subjects [21] [22] [23] . This arises because, under such circumstances, the renal clearance of CMS is much more efficient than the conversion clearance of CMS to colistin (Figure 2 ). It can be estimated that in patients with normal kidney function, no more than approximately 20%-25% of a dose of CMS is converted to colistin. In other words, to generate in vivo an amount of colistin sufficient to attain the required plasma concentration of this antibacterial entity, it is necessary to administer about 4-5 times the amount of CMS. This contrasts with the desirable property for a prodrug where complete conversion to the active entity occurs to minimize the xenobiotic burden on body systems (eg, liver, kidneys). A relatively large degree of interindividual variability exists in the conversion of CMS to colistin [22] . Contributing factors toward the variability are the existence and relative magnitudes of competing disposition pathways for CMS ( Figure 2 ) and batchto-batch variability in the complex composition of CMS that affects the rate and extent of in vivo conversion [20] . Although colistin circulating in blood is excreted in urine to only a very minor extent, urinary concentrations of colistin after administration of CMS can be relatively high. This is the result of conversion within the urinary tract from CMS that is extensively renally excreted (Figure 2 ) [21, 23, 24] .
A prodrug strategy was not pursued for polymyxin B when it was undergoing development in the 1950s. Thus, in contrast to the complex overall disposition of CMS and formed colistin, polymyxin B is administered in its active antibacterial form, and the disposition is simpler (Figure 2 ) [5, [25] [26] [27] . As occurs for colistin formed from CMS [24] , polymyxin B is subject to Figure 2 . Overview of the pharmacokinetic pathways for colistin methanesulfonate (CMS, also known as colistimethate) and colistin (left panel) and polymyxin B (right panel). The thickness of the arrows indicates the relative magnitude of the respective clearance pathways when kidney function is normal. CMS includes fully and all partially methanesulfonated derivatives of colistin. After administration of CMS, extensive renal excretion of the prodrug occurs with some of the excreted CMS converting to colistin within the urinary tract.
very extensive renal tubular reabsorption after filtration at the glomerulus. Consequently, polymyxin B is eliminated mainly by nonrenal clearance mechanism(s), and urinary concentrations are relatively low [25] [26] [27] .
CLINICAL IMPLICATIONS OF THE DIFFERENCES BETWEEN THE 2 POLYMYXINS
The differences described above in the chemical forms administered and overall dispositions have significant implications for the clinical use of CMS/colistin and polymyxin B.
First, the differences impact the ability to relatively rapidly and reliably achieve a desired plasma concentration of the active polymyxin. In critically ill patients commenced on an intravenous CMS dosage regimen, plasma concentrations of formed colistin rise slowly (Figure 3 ) [28] . Even with a loading dose of CMS at the initiation of therapy, it may take several hours to achieve plasma colistin concentrations that may be effective. This is highly undesirable because delayed initiation of appropriate antibiotic therapy is associated with increased mortality in critically ill patients [29, 30] , and low colistin concentrations have been associated with the amplification of colistin-resistant subpopulations [31] [32] [33] . Not only the rate but also the extent of conversion of CMS to colistin is low, especially in patients with normal renal function [22, 23] . In patients with creatinine clearance above approximately 80 mL/minute, it is not possible to reliably achieve steady-state plasma concentrations of formed colistin that are likely to be effective [22] . Indeed, at the upper limit of the approved daily dose of CMS (300 mg of colistin base activity), the majority of patients with creatinine clearance >80 mL/minute achieved plasma colistin concentrations <2 mg/L (Figure 4) [22] . This arises because the apparent clearance of formed colistin increases with creatinine clearance due to decreased fractional conversion of CMS to colistin (Figure 2) . Unfortunately, in such patients it is not possible to simply increase the daily dose of CMS to compensate for the low conversion of CMS to colistin [22] , due to nephrotoxicity, which is the major dose-limiting adverse effect [34] . Therefore, with CMS there are significant limitations in regard to the ability to attain (via a loading dose) and, in patients with normal kidney function, to maintain (via daily maintenance doses) effective plasma colistin concentrations. In contrast, because polymyxin B is not administered as a prodrug, it is possible to use an intravenous loading dose to relatively rapidly achieve a desired plasma polymyxin B concentration that may then be maintained with a suitable daily dosage regimen [27] .
Second, the differences in parenteral formulations and overall dispositions of CMS/colistin vs polymyxin B impact the need to undertake dosage adjustments in patients with renal impairment. Although renal excretion is only a very minor component of the clearance of formed colistin, a decrease in CMS daily maintenance dose may be required for patients with renal impairment [22] . This arises because as kidney function declines, leading to decreased renal clearance of CMS, a greater fraction of each dose of CMS is available for conversion to colistin (Figure 2 ). It follows that in patients with diminished kidney function, it is possible to administer submaximal daily doses of CMS and achieve plasma colistin concentrations higher than those in renally competent patients receiving the current upper limit daily dose of CMS (Figure 4) [22] . In contrast, in keeping with the fact that polymyxin B is predominantly nonrenally cleared, its clearance is not related to creatinine clearance ( Figure 5 ) and, therefore, dosage adjustment in patients with diminished kidney function is not required on pharmacokinetic grounds [26, 27, 35] .
Third, there is substantially greater interindividual variability in the pharmacokinetics of CMS/colistin compared with polymyxin B [22, 27] . At a given creatinine clearance and daily dose of CMS, there is up to a 10-fold range in the steady-state plasma colistin concentration achieved across patients (Figure 4) [22] . As noted above, this is almost certainly the result of the inefficiency of CMS as a prodrug and the potential for batch-to-batch variability in the composition of the material administered [20] , thereby impacting the fractional conversion to colistin at a given creatinine clearance. On the other hand, the total body clearance of polymyxin B (and hence daily dosage needed to maintain a given steady-state plasma concentration) is subject to Figure 3 . Observed plasma concentrations of formed colistin in 10 individual critically ill patients after administration of the first dose of colistin methanesulfonate in a regimen. Reproduced with permission from the American Society for Microbiology (Mohamed et al [28] ).
remarkably low interpatient variability (3.3-fold) across a wide range of creatinine clearance values ( Figure 5 ) [27] .
Fourth, CMS/colistin and polymyxin B differ in regard to the concentrations of the active antibacterial that can be achieved in urine. CMS is extensively excreted into urine and then partially converted to colistin within the urinary tract as a consequence of the chemical instability of CMS in an aqueous environment (Figure 2) [21, 23] . Thus, urinary concentrations of colistin exceed those that can be achieved with polymyxin B which, like colistin itself, is only excreted into urine to a minor extent (Figure 2) [25, 27] .
Fifth, both CMS/colistin and polymyxin B are potentially nephrotoxic. There are numerous literature reports, many of which are relatively small, noncomparative case series, on the nephrotoxicity rate of either CMS/colistin or polymyxin B. The rates vary widely, and it is impossible to use such studies to gauge the relative nephrotoxicity of the 2 polymyxins. A comparative study involving 41 patients who received either one of the polymyxins found similar renal toxicity between the 2 drugs [36] . Two recent comparative studies involving larger numbers of patients reported that nephrotoxicity rates were lower with polymyxin B than CMS/colistin [37, 38] . A possible explanation is that the kidneys are exposed to a substantial load of colistin (via intrarenal conversion from CMS and partially methanesulfonated derivatives) in the process of forming colistin that circulates more generally in the body.
Finally, because both polymyxins are concentration-dependent antibiotics [31, 33, 39, 40] with a narrow therapeutic window and because nephrotoxicity is a dose-limiting adverse effect [22, 34] , when available, therapeutic drug monitoring (TDM) should be undertaken to assist in optimizing therapy for individual patients. The case for TDM is even stronger for CMS/colistin than for Figure 4 . Relationship of physician-selected daily dose of colistin base activity (CBA) (A) and the resultant steady-state plasma concentration of formed colistin (B) with creatinine clearance in 105 critically ill patients. A daily dose of 300 mg CBA is the currently approved upper limit dose. Reproduced with permission from the American Society for Microbiology (Garonzik et al [22] ). [27] .
polymyxin B because of the greater interindividual variability discussed above [22, 27] . Microbiological assays are not appropriate, more so for colistin because such assays are not able to differentiate between the colistin present in a plasma sample at the time of its collection and that formed from ongoing conversion from CMS during the assay [17] . Even with specific analytical methods (eg, high-performance liquid chromatography, liquid chromatography-tandem mass spectrometry), TDM for colistin is difficult because stringent procedures must be implemented to prevent ongoing conversion of CMS to colistin during the sample collection, storage, and transportation to the TDM laboratory [22, 23, 28] . These difficulties do not occur with polymyxin B, as it is not administered as a prodrug.
CONCLUSIONS
The different formulation approach applied to the parenteral products of colistin and polymyxin B converts them from being "peas in a pod" in vitro to being more like "chalk and cheese" in regard to their behavior in patients. Polymyxin B would appear to have superior clinical pharmacological characteristics for infections where it is important to rapidly and reliably attain and maintain plasma concentrations that are likely to be efficacious, across a wide range of renal function. An exception may be the treatment of urinary tract infections where CMS/colistin may be the polymyxin of choice. Because of smaller interindividual variability and lack of impact of renal function on drug clearance, initial dose selection and titration are simpler and more predictable for polymyxin B. TDM for polymyxin B lacks the substantial difficulties that exist for colistin. Thus, it is important to not regard these 2 parenteral polymyxins as "peas in a pod."
Because cross-resistance exists, it is essential that the dosage regimens of both polymyxins are optimized according to the patient characteristics that influence their respective pharmacokinetics. In countries where both are already available, clinicians should carefully consider the relative merits of each in a given circumstance, and prospective studies should be conducted to formally examine their relative efficacy and safety in various types of infections and patients. It is highly desirable that clinicians around the world have the option of choosing between parenteral products of CMS and polymyxin B. Because polymyxins are likely to remain an important part of our therapeutic armamentarium against gram-negative pathogens for some time, it is essential that they are used optimally to preserve their activity as a class for as long as possible.
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